Choristoneura fumiferana is the most economically-important insect pest in eastern North America. Historically, strategies to control epidemics have relied on chemical pesticides that are no longer approved for use. The presence of fungal endophytes in cool area grass species and their role in reducing the impact of herbivorous insects is well understood. Recent work has demonstrated that foliar endophytes of conifers also produce anti-insect toxins. Field and nursery studies testing trees infected with the rugulosin producing endophyte Phialocephala scopiformis reduced the growth and development of C. fumiferana. The study of foliar endophytes from a variety of conifers including: Picea mariana, P. rubens and P. glauca as well as Abies balsamea and Larix laricina for the discovery of other anti-insect toxins are discussed. These endophytes are horizontally transmitted thus they are not present in nursery seedlings. Inoculating seedlings with toxigenic endophyte strains has been demonstrated to be effective in providing the tree with tolerance to herbivorous insects.
Secondary metabolism
In the highly cited paper "Origin of Land Plants -A matter of mycotropism", Pirozynski and Malloch (1975) [1] argued that the very evolution of plants required an intimate partnership between fungi and plants. For woody plants, Pirozynski (1981) [2] noted that the origin of lignin genes arises from mycorrhizal fungi. Other than woody plants, only fungi make polyphenols. In relation to the toxigenic endophytes of conifers and grasses, Miller (1986) [3] suggested that this relationship might represent an intermediate stage in the process of horizontal gene transfer. Using the now available molecular evidence, Wink (2008) [4] extended the discussion by noting that secondary metabolites in a high percentage of plants (~80%) are produced by fungal endophytes and suggested that the plants have acquired the biosynthetic genes from fungi. Secondary metabolism in fungi was reviewed by Bu'Lock (1975) [5] , Iwai and Omura (1982) [6] and Demain and Vaishnav (2006) [7] . Although old, the Bu'Lock review remains one of the best available and outlines the basic ideas of the two more recent papers and others. True fungal secondary metabolites are formed after an individual cell is subjected to a particular nutrient limitation in an otherwise satisfactory physical-chemical environment. In stirred jar fermenters, the activities of billions of cells behaving in an approximately synchronous fashion can be measured. This yields curves of metabolite production in relation to dry weight production, nutrient depletion and respiration [7] [8] [9] . This same process takes place in vivo except that the process relates to the few cells immediately behind the advancing mycelium. Fungal mycelia are thread-like structures with a 3-4 µm diameter that comprise the fungal colony. With exceptions, only the terminal few cells of a mycelium are biologically active. Secondary metabolites are produced by the penultimate cells of each mycelium as it grows. Production occurs at the micro level of each individual thread-like structure. Fungal secondary metabolites are produced soon after spore germination and their detection is a function of their production by millions/billions of cells. The accumulation of a fungal secondary metabolite in a substrate is a function of the integration of toxin by millions of cells as opposed to a function of the colony per se [10, 11] . Conversely, toxin It was first proposed in 1978 that fungal endophytes recovered from coniferous needles might be mutualistic symbionts [15] as is well known in cool area grasses [16] . Approximately 25 years ago, evidence showed that a mutualism between Pseudotsuga menziesii and the needle endophyte Rhabdocline parkeri existed and combated the needle pest Contarinia larvae [17, 18] . Higher rates of mortality in Contarinia larvae were observed in R. parkeri infected galls [19] . An extract of a culture of R. parkeri exhibited cytotoxicity to HeLa cells and resulted in reduced growth rates and mortalities when incorporated into synthetic diets of C. fumiferana [3] . A comprehensive analysis of C. fumiferana population dynamics identified an unknown "fifth agent" that was required to build models that fit with the observed population changes [20] . It was proposed that this unknown factor may alter the response of insects to known factors such as predation and disease. We have demonstrated with the insect toxin rugulosin that the observed changes could be explained by the presence of the endophyte and its toxin in the needles.
In addition to small collections of conifer endophytes made in 1984 [21] and 1987-88 [22, 23] , two larger surveys have been undertaken in the region. The first was in 1992, during this work, branches were collected from superior trees from forests that covered the area from near the southern border of New Brunswick with Maine to eastern Quebec in a north-south transect representing 3500 isolates [24, 25] . The need for more strains led to a second collection of 2250 Picea endophytes (90% P. rubens, 10% P. glauca) in 2003. These endophytes were collected from forests in Maine, New Brunswick and Nova Scotia in an east-west direction and the coordinates were obtained of each tree sampled. These endophytes are horizontally transmitted thus they are not present in seedlings from nurseries [26] [27] .
This review summarizes the secondary metabolites isolated from anti-insectan endophytes from Picea mariana, P. rubens, P. glauca along with Abies balsamea and Larix laricina, additionally it discusses the formation of these metabolites in planta.
Anti-insect toxins
The anti-insect anthraquinone metabolite rugulosin (1) was isolated during the initial work with the early collections. It was first observed by us from endophytes of A. balsamea and later from P. scopiformis isolated from P. glauca [24, 28] . It was estimated that as many as 20% of the toxin producing endophytes from this collection were rugulosin producers. Dietary concentrations of 10-25 μM rugulosin resulted in reductions of C. fumiferana growth rate (50 μM affected other Picea pests including Lambdina fiscellaria and Zeiraphera canadensis) [27, 28] . The lowest concentrations determined in needles to result in insect growth reductions were 0.5 μg/g [24] [25] [26] [27] [28] [29] . Most of the reduction in insect growth was associated with the toxin from the fungus [29] . Anti-insect metabolites from fungal endophytes of confer trees Natural Product Communications Vol. 4 (11) 2009 1499 fractionation of the mycelium extracts. The isolated metabolites were shown to be toxic to C. fumiferana larvae in concentrations ranging from 5 to 15 µmol.
Two novel diterpenoid insect toxins 5 and 6 from an unidentified endophyte isolated from A. balsamea were characterized [30] . Both showed toxicity to C. fumiferana larvae at a dietary concentration of 6 µmol. A number of toxic isocoumarins and related metabolites 7-15 were isolated and characterized from an endophyte of P. mariana, identified as Conoplea elegantula [31] . Compounds 7, 9, 10, 14 and 15 were also recently isolated from two different P. rubens endophytes (CBS 121943 and DAOM 239830), which were subsequently determined by DNA sequencing to be a species of Mycosphaerella described in Crous et al. [32] . The extracts from both endophytes showed toxicity to C. fumiferana in dietary bioassays. [31] showed that compounds 7 and 9 were toxic to C. fumiferana larvae and compound 7 to C. fumiferana cells. These ramulosin derivatives are all polyketides of pentaketide origin. L. laricina was the source of two novel metabolites 16 and 17. Compound 16 showed toxicity to C. fumiferana and was probably produced through pentaketide dimerization biogenesis, while 17 was anti-microbial [33] . Additionally, the known antifungal metabolite terreic acid (18) was isolated from a P. mariana endophyte from the early collections. It showed moderate toxicity to C. fumiferana cells and larvae [34] . The major metabolite produced by the P. glauca endophyte DAOM 221611 was the known macrocyclic antibiotic vermiculin (19) that is characterized by its 16-membered macrocyclic lactone ring. Findlay et al. (2003) [35] reported that vermiculin was toxic to immortalized C. fumiferana cells. This compound has also been reported to be cytotoxic to HeLa cells [36] . The known sesquiterpenes 20 and 10,11-dihydroxyfarnesenic acid 21 were also characterized. Additionally from DAOM 221611, eight new 13 carbon γ-lactones (22) (23) (24) (25) (26) (27) (28) (29) were also isolated and characterized, several of which showed toxicity to C. fumiferana [35] . The P. glauca endophyte DAOM 229664 was the last one characterized from the 1992 collection. This strain produced the novel metabolites 2,4-ien-4-olide (30) that showed toxicity to C. fumiferana cells and the isocoumarin (31 From the 2003 collection, the extract from DAOM 239831 a P. rubens endophyte, showed toxicity to C. fumiferana in dietary bioassays. The major metabolites were determined to be p-hydroxyphenylacetic acid (35) which was reported to be antifungal [37, 38] and 5-hydroxymethyl-2-furaldehyde (36) that was shown to be toxic to Drosophila melanogaster [39] . Cultures of three P. glauca endophytes that showed toxicity in dietary bioassay were also characterized from the 2003 collection. Each strain produced the known metabolite tyrosol (37) which has limited toxicity. The first of the three strains CBS 120381 yielded three known mellein derivatives (38) (39) (40) of polyketide origin and a known lactone (41) [40] . CBS 120380 yielded 3 major metabolites including a new structure (42) and metabolites (43 and 44) reported for the first time as fungal metabolites [40] . CBS 120379 yielded the known fungicidal, herbicidal and algicidal compound mellein (45) in addition to the xanthone structure (46) [40] . 
Secondary metabolism in planta
The compounds discussed above are secondary metabolites of fungi. Although the term "secondary metabolites" is used for certain compounds from both plants and fungi, the physiology of their production is quite different. In plants, the physiology of secondary metabolism is governed by features of the biology of the plant concerned. Compounds are mostly tissue specific (flowering and pollination time, seeds, roots and stems, female plant specific in dioecious plants). Some are produced from precursors that arise during either the light or dark reactions of photosynthesis. Although there are sclerotial and spore specific fungal toxins, the production of toxins in filamentous fungi of the type discussed here, is a consequence of mycelial growth and nutrient limitation. For some compounds (such as those discussed below), a relatively large amount of information is available on their production. There are fewer examples of even broad understanding of the production of the Anti-insect metabolites from fungal endophytes of confer trees Natural Product Communications Vol. 4 (11) 2009 1501 metabolites in planta. The following discussion puts what is known about foliar endophytes of conifers in context with the available larger picture, as far as reliably understood.
Secondary metabolism in vitro
The in vitro production of secondary metabolites by fungi requires that the organism be cultured under various conditions. These must subject the fungus to a variety of nutrient limitations under a number of physical conditions. Many secondary metabolites are induced by nitrogen limitation which is the limiting nutrient in most substrates utilized by fungi. This includes polyketides, such as most metabolites of foliar endophytes of conifers [40] , the mycotoxin zearalenone, and sesquiterpenes such as the important fungal toxin, deoxynivalenol (see below). Some metabolites are induced by carbon limitation including penicillin, while a few others by phosphate limitation, e.g. ergot alkaloids [6] [7] [8] [9] . Along with several other critical nutritional and physical conditions, acetate and mevalonic acid-derived compounds are initially induced by nitrogen limitation, although carbon:nitrogen (C:N) ratio and the form of available nitrogen also plays a role. With the same proviso, most amino acid-derived compounds are conversely induced by carbon limitation. The issue is restricting growth (biomass accumulation) rather than terminating the metabolic function of the cells during conditions of unbalanced growth.
The various limitations do not mean nutrient exhaustion. For example, a compound that is induced by nitrogen limitation may be induced when the easily-metabolized amino acids are used up leaving nitrogen in the medium. The form of nitrogen limitation can result in different polyketides, for example, the Gibberella fujikuori metabolites bikaverin and gibberellic acid [41, 42] . Similarly, carbon limitation refers to limitation of easilymetabolizable carbon sources. The notion of limitation refers to constraint of the relevant aspect of primary metabolism. In the case of the well-studied metabolites for which sufficient information is in the public domain, i.e. penicillin, zearalenone and deoxynivalenol, between 10 and 20% of the original carbon is converted to the metabolite. Most of the rest (~55-65%) is used for cell maintenance and the rest for biomass accumulation. In reality, the (C:N) ratio and form of nitrogen are the critical determinants.
Additionally, in vitro, the ratio of C:N and the maximum phosphate concentration must be considered separately. The C:N ratio can induce biochemical effects on fungal cells not directly related to metabolite production [6] . Some trace elements, e.g. V, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Mn are required for growth. Zinc in comparison to the other trace elements, is considered to be more important for metabolite production by fungi [6] . In addition, osmotic tension and degree of oxygen saturation are powerful influencers of metabolite production.
There is no conclusive evidence that temperature per se affects metabolite production except in a kinetic sense. However, metabolite production must take place near the optimal temperature for growth in vivo. Temperature, however, has important indirect effects particularly on nutrient uptake and on oxygen solubility. Temperature can also affect the accumulation of a particular metabolite in a metabolic grid through effects on particular enzymes [4, [7] [8] [9] .
Secondary metabolism in vivo
Metabolite production in vivo (e.g. in planta), occurs in the rhizosphere, presumably in interstitial spaces of leaves it is the same. For example, the G. zeae polyketide metabolite zearalenone also has an apparent requirement for high oxygen tension [43] . Zearalenone is typically accumulated in corn only in the autumn when the environment is cool and sometimes after the crop has died resulting in higher oxygen tensions than in living plants since the solubility of oxygen in water is increased in colder versus warmer water. In contrast, the sesquiterpene metabolite deoxynivalenol (from the same fungus arising also from the acetate pool via mevalonic acid) is produced in vitro under conditions of low oxygen tension [8] . Deoxynivalenol (also a phytotoxin) is seen in the corn kernels concurrent with the development of the infection when the plant is living when there is little zearalenone produced [44] .
Oxygen is tightly scavenged in photosynthesizing plants, hence oxygen tensions are, as noted, low in living plant tissue.
In broad physiological terms, an initiating nutrient limitation in concert with other nutrients, pH changes (in vivo coincident with production of organic acids from carbon source limitations), under conditions of appropriate osmotic tension and oxygen, induces changes in adenosine nucleotides and reduced [45] . However this is known for the metabolites discussed above (e.g. for bikaverin [46] ; deoxynivalenol [47] ; gibberellins [48, 49] ; penicillin [50] [51] [52] [53] ; zearalenone [54] .
Freeze fracture scanning electron microscopy images of the interiors of endophyte-positive A. balsamea showed hyphae occupying intercellular spaces and adhering to the outer walls of parenchyma cells. No penetration of cells was observed [22] . An important feature of these images is that the fungal mycelia are somewhat smaller than when grown in culture. The needle endophytes discussed in this review grow and produce metabolites on media of aw (water activity) 0.99. This means that in planta, the fungi concerned cannot produce metabolites except under similar conditions. A second consideration is that the needle architecture determines the aqueous volume present. This considers the mean ratio of dry weight: wet weight of needles, reported summer water content of Picea [55] and hydrated insolubles content of needles [56, 57] . This information suggested that the low observed effect concentrations of the needle endophyte toxin rugulosin for C. fumiferana are similar in planta and in vitro [29] . However, it also indicates something about the production of toxins in planta. As noted above, the production of metabolites by filamentous fungi represents the production of a small amount of toxin per cell rather than a continuous production. Sumarah et al. (2005) [58] estimated that the biomass to toxin ratio in the rugulosin-producing endophyte Phialocephala scopiformis [26] in planta was similar to that of the well-studied mycotoxin deoxynivalenol in corn. All of this information demonstrates that the secondary metabolism of foliar endophytes of conifers is the same as for other filamentous fungi.
Conclusion:
The study of foliar endophytes of conifers has provided a rich source of new secondary metabolites. The biology of toxin production by these fungi in planta is, as expected, similar to the wellstudied toxins associated with agricultural crops. The utility of these fungi to improve the tolerance to insect pests in nursery-grown seedlings has been demonstrated and is in the course of large-scale application. Further studies on the ecology and taxonomy of these fungi needs to proceed.
